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Assuming a schematic form of the nucleon effective mass as a function of nuclear excitation 
energy and mass, we provide a simple explanation for understanding the experimentally observed 
mass dependence of the nuclear caloric curve. It is observed that the excitation energy at which the 
caloric curve enters into a plateau region, could be sensitive to the nuclear mass evolution of the 
effective nucleon mass. 
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The experimentally observed "plateau" in the nuclear 
"caloric curve" (temperature versus excitation energy) 
has long been seen as a signature of liquid-gas phase tran- 
sition, similar to that in real fluids. Recently, Sobotka et 
al. [HQ, have shown that the plateau in the nuclear 
caloric curve is a consequence of a combined effect of de- 
creasing density due to thermal expansion, and the evo- 
lution of in- medium nucleon effective mass, rather than 
an indication of liquid-gas phase coexistence. This model 
for describing the caloric curve is based on the relaxation 
of density profile of the mononucleus that results in maxi- 
mum entropy under a local density approximation for the 
level density parameter. A parametric form of the base 
density was assumed and the entropy was calculated in 
the Fermi-gas model. The evolution of effective mass 
with density and excitation was included in a schematic 
fashion as it is currently unknown. 

The plateau in the caloric curve from this model is es- 
tablished at a rather modest excitation energy (about 2 
MeV/nucleon), well below the excitation energy where 
the experimentally observed caloric curve enters into a 
plateau region. Also, the value of the plateau tempera- 
ture remains the same for a mass, A = 90 system as it 
does for a mass, A = 197 system. However, experimen- 
tally determined caloric curve ^ shows plateau temper- 
ature that decreases with increasing mass, A. 

In this work, we investigate how the mass dependence 
of the caloric curve, can be understood using the above 
concept of effective nucleon mass and thermal expansion 
in a simple phenomenological approach. In particular, 
we present a schematic expression to understand the ex- 
perimentally observed plateau in the caloric curve, and 
show that the observed mass dependence of the caloric 
curve can be reproduced using effective nucleon mass as 
a function of excitation energy, that is mass dependent. 

We begin with the assumption that the relation be- 
tween the temperature, T, and the experimentally mea- 
sured total excitation energy, E* , for an expanding nu- 
cleus of mass A, can be expressed by a form analogous 
to that for the Fermi gas. 



E* 



rp2 



Keffip,A) 



(1) 



where Kgf f is the inverse nuclear level density parame- 
ter of the hot and dilute nucleus at density p, and written 
as, 
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where, eF(/o, is the Fermi energy of the finite and 
expanding nucleus and given as. 
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The quantity m*{po, A), is the ratio of the effective 
mass of the nucleon to the mass of the free nucleon, as- 
suming the nucleus to be a Fermi gas and at ground state 
{T — 0). The quantity m*{p, A) is the ratio of the effec- 
tive mass of the nucleon to the mass of the free nucleon, 
in hot (T > 0) and expanding finite nucleus density p. 

From the above equations, one can write the inverse 
nuclear level density parameter of the hot and dilute nu- 
cleus as H, 
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where. Kg = Acp/ir^ ~ 15, is the inverse level density 
parameter of uniform, non— dissipative Fermi gas. £p, 
and po are the Fermi energy and the nuclear saturation 
density at T = MeV. 

From the above two expressions, Eqs. 1 and 4, one can 
write the temperature versus the excitation energy for a 
nucleus expanding to an equilibrium density p. 
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Alternatively, one can also start with the assumption 
that the total excitation energy E* , of an expanding nu- 
cleus can be written as, 

= ^ther + ^exp (6) 

where, E;^^^ = T'^ / Ko[m*{po,A)/m*{p,A)] is the 
thermal part of the excitation energy, and E^xp = eb(l — 
pI Pof' is the expansion energy of the finite nucleus. The 
expansion energy assumed in the above expression is a 
simple upside down bell shaped, suggested by Friedman 
with the ground state binding energy, Cb = 8 MeV. 
The temperature versus the total excitation energy rela- 
tion for a nucleus expanding to an equilibrium density, 
p, can then be written as. 



m*{p, A) 

Using equations, 5 and 7, we can now study the exper- 
imental caloric curve and its mass dependence. 

Fig. 1 shows the experimentally measured caloric 
curve for the mass range oi A = 100 - 140, from various 
measurements compiled by Natowitz et al. Q . The data 
from all different measurements are shown collectively in 
the figure by inverted triangle symbols and no distinction 
is made between them. The dotted (black) curve in the 
figure is the simple Fermi gas relation, E^f^^^ — T"^ jKo, 
with the inverse level density parameter, Kq — 15. The 
results of the equations 5 and 7 are shown by the solid 
(blue) and dashed (red) curves, respectively. In both 
equations, the density pj Po, for a given excitation energy 
£■*, was taken to be that adopted by Bondorf et al. [1,I3| 
(shown by the solid black curve in Fig. 2(b)). The ef- 
fective mass 'm*{p, A), as a function of excitation energy 
was assumed to have an empirical dependence of the form 
shown by the dashed (blue) curve in Fig. 2(a). From Fig. 
1, one observes that Eq. 5 (solid, blue curve) and Eq. 
7 (dashed, red curve) with the same effective mass and 
density dependence of the excitation energy gives similar 
results up to excitation energy of 6 MeV/nucleon, with a 
small difference at higher excitation energies. The differ- 
ence at higher energies is due to the different form of the 
expansion energy assumed in the two expressions. Both 
calculations, show a plateau at excitation energy above 3 
MeV/nucleon, in good agreement with the experimental 
data. 

The caloric curve obtained from Eq. 5 and 7 is in 
much better agreement with the data compared to those 
obtained by Sobotka et al. [2|. The result of Sobotka 
et al., is shown by the dot-dashed (orange) curve. Also 
shown in the figure is the result of De et al. Q , for A = 
150 (dot-dot-dashed, black curve). The calculation of De 
et al. uses a realistic effective Hamiltonian to calculate 
the base density profile in a Thomas-Fermi framework 
with the entropy calculated microscopically. The above 
comparison shows that the phenomenological expressions 




E* (MeV/nucleon) 

FIG. 1: (Color online) Temperature as a function of excitation 
energy for mass A = 100 - 140. The data points (inverted 
triangles) are from Ref. [1]. The dotted curve is the Fermi 
gas relation. The dot-dot-dashed curve is from Ref. Q. The 
dot-dashed curve is from Ref. 0]. The solid and the dashed 
curve are from Eq. 5 and 7, respectively. 



TABLE I: The ground state effective mass, m*(po,j4), used 
in Eq. 3 and 5, for various nuclear mass range. 



Mass {A) 


m*{po,A) 


30 - 60 


0.87 


60 - 100 


0.73 


100 - 140 


0.67 


180 - 240 


0.53 



5 and 7 can be used to understand the characteristic fea- 
tures of the caloric curve. 

In the following we use Eq. 5 and 7, to study the mass 
dependence of the caloric curve. Fig. 3 and 4 shows the 
experimental caloric curve data (inverted triangles) for 
the different mass ranges obtained from the work of Na- 
towitz et al. [3] ■ The results of Eq. 5 and 7 are shown by 
the solid curves in Fig. 3 and 4, respectively. The empir- 
ical form of the effective nucleon mass and the density as 
a function of excitation energy used in Eq. 5 and 7 for 
different mass regions are as shown in Fig. 2(a) and 2(b). 
These were obtained by tuning the data with a fixed Ko 
parameter. The effective mass for the ground state nu- 
cleus m*{po, A), is as shown in Table I. The choice of the 
TO* [po, A) value was dictated by its sensitivity to the tem- 
perature at which the caloric curve reaches the plateau 
region. This is discussed in the following paragraph. The 
Fermi gas caloric curve is shown by the dotted curves in 
Fig. 3 and 4. 

An important point to note in Fig. 3 and 4 is the 
evolution of the excitation energy of the entry point into 
the caloric curve plateau with nuclear mass. To illustrate 
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FIG. 2: (Color online) a) EflFective nucleon mass ratio, b) 
Density and, c) K^jf, as a function of excitation energy. The 
different curves in a) and c) correspond to the different mass 
ranges. 



this point more clearly, we show in Fig. 5, a comparison 
between the caloric curves for v4 = 30 - 60, yl = 60 - 
100, and A — 180 - 240 mass regions, obtained using Eq. 
5. The arrows in the figure correspond to the approxi- 
mate values of the excitation energy at which the caloric 
curve for each of the three masses enter into a plateau 
region. The figure shows that the temperature at which 
the plateau is reached is sensitive to the value of the 
m*{poT A). A higher m*[po,A) results in higher plateau 
temperature for lighter mass. The excitation energy at 
which the plateau is reached is, on the other hand, sensi- 
tive to the mass dependence of the effective nucleon mass, 
m* {p, A) . This excitation energy corresponds to the en- 
ergy at which the l/m*{p,A), shown in Fig. 2(a), peaks. 
The shift in the peak to higher excitation energy for de- 
creasing mass of the system results in a plateau being 
reached at higher excitation energy for lighter mass. To 
explain the experimentally observed caloric curve, effec- 
tive nucleon mass ratio that is dependent on the excita- 
tion energy /density and the nuclear mass therefore seems 
imperative. The effective nucleon mass as a function of 
excitation energy for different masses, shown in Fig. 2(a), 
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FIG. 3: (Color online) Temperature as a function of excitation 
energy for various mass ranges. The data points (inverted 
triangles) are from Ref. The solid curves are obtained 

from Eq. 5. The dashed curve is the Fermi gas relation. 



and used in the above analysis, is an empirical deduction. 
At present, we do not know of any formal approach to 
deduce such a dependence. Qualitatively such a depen- 
dence is expected in the interior of the nucleus, where 
the effective mass is reduced in the bulk, peaks at the 
surface and reduces to one with decreasing density and 
increasing excitation energy Q. In such a prescription, 
the effective nucelon mass is often given by phenomeno- 
logical expressions that includes a momentum dependent 
and a frequency dependent term. The detailed density 
and excitation energy dependence of these terms are un- 
known. Theoretical investigation in this direction would 
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FIG. 4: (Color online) Temperature as a function of excitation 
energy for various mass ranges. The data points (inverted 
triangles) are from Ref. Q]. The solid curves are obtained 
from Eq. 7. The dashed curve is the Fermi gas relation. 



therefore be interesting. While a formal understanding 
of the effective nucleon mass as a function of excitation 
energy and density over a range of nuclear mass would be 
very fruitful, the emperical approach utilizing the caloric 
curve in this work can aid in studying the isospin [N / Z) 
dependence of the effective mass in asymmetric nuclei. 

In the following we show that the mass dependence 
of the inverse level density parameter K^ff, obtained 
using the above empiricaly deduced effective nucleon 
mass, m*{p,A)^ is consistent with the experimentally 
and theoretically deduced inverse level density param- 
eter at low exciation energy. In the past, temperature 
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FIG. 5: (Color online) Comparison between the caloric curves 
obtained from Eq. 5 for three different mass ranges. 



dependence of the nuclear level density parameter has 
been investigated extensively by studying the spectra of 
light particles emitted in hot nuclei populated at E* > 
1 MeV/nucleon (T> 2 MeV). It has been shown from 
these studies [l^, llii that the inverse level density param- 
eter K, increases from 8 to 13 for temperature increasing 
from T = 2 MeV to T = 5.5 MeV in nuclei of mass A 
~ 160. However, similar studies [l^, [l^, [13] carried out 
for light nuclei, such as A ~ 40, failed to show an in- 
crease. The K remaining nearly constant at 9 - 10 in the 
excitation energy range of 2.5 to 5.0 MeV/nucleon. In 
Fig. 2(c), we show the effective inverse level density pa- 
rameter, Keff, of the hot and dilute nucleus for various 
mass regions obtained from the present analysis. For T 
= MeV, one observes that the inverse level density pa- 
rameter, Keff 8, in agreement with the low excitation 
energy studies. For light nuclei, ^ = 30 - 60, the K^fj 
remains essentially constant up to excitation energy of 5 
MeV/nucleon. While for heavier nuclei it varies between 
8 and 16 for excitation energies below 2-3 MeV. Sim- 
ilar dependence was also obtained from the theoretical 
calculations of Ref. [H, [l^ that investigated the mass 
dependence of the level density parameter at low exci- 
ation energy. For higher excitation energies. Fig. 2(c) 
shows a steady decline in the inverse level density pa- 
rameter, which results in a plateau like behavior in the 
caloric curve (temperature versus excitation energy plot) 
for the hot and expanding nucleus. 

In conclusion, it is shown that the mass dependence 
of the nuclear caloric curve can be modelled using Equa- 
tions 5 and 7, with the effective nucleon mass of the form 
shown in Fig. 2(a), or alternatively, using Eq. 1 with 
the inverse level density parameter of the form shown in 
Fig. 2(c). The mass dependence of the inverse level den- 
sity parameter thereby obtained is consistent with the 
experimentally and theoretically deduced level density 
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parameter for low excitation energies. Furthermore, the 
present study demonstrates that the caloric curve can 
be used as a tool to fine tune the eS'ective nucleon mass 
and study the nuclear interaction. A natural extension 
of the present study would be to apply the present ap- 
proach to fine tune the effective mass further by including 
the isospin {N/Z) dependence. Such a study would re- 
quire caloric curve measurements of asymmetric {N/Z > 



1) nuclei using beams of radioactive nuclei. This would 
provide a complete understanding of the interaction un- 
der extreme conditions of excitation energy, density and 
isospin {N/Z). 
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